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Solar Wind Minor Ions: Recent Observations

S. J. Rame

University of California, Los Alarnos National Laboratory

Los Alamos, NM 87545

ABSTRACT

During the years following the Solar Wind Four Conference at Burghausen

our kn~wledge of the solar wind lon composition and dynamics has grown. There

have heen some surprises, and our undcrst&ndlng of the evoluLlor, of the solar

wjrld has been improved. Systematic studies have shown that the minor ions
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INTRODUCTION

Since the Burghausen Solar Wind 4 Conference in 1978, a nunber of new

observations and studies of solar wind minor ions i~avebeen reported. This

survey discusses a few of these and some of their irnplica~ions and mentions

ochera more briefly. Some of che studies are treated in more detail elsewhere

in chls volume. The topics to be considered are listed below:

1. Abundance of 41{e* and its variations.

2. Abundance of 3He* relative co 4He*.

3. Mfnor ion temperatures and velocities.

4. Abundances from E/Q spectra of heavy ions.

5. Iron ions in high speed streams.

&. Ionization temperatures in high speed screams.

7. Ionfzatlonally “hot” transient solar wind flows.

8. lonlzationally “cold” transient flows.



Fig. 1. Incerplanecary solar wind flow charncterla:lcn a~coclacad with

vmryirr@, levelm of chm helium abundance. L+rw valuma of abundance are

annoclnccd with low mpaad flowm which can ha ldenclfled WICII corunal

net, aamerm, m~dlan vnluen c-n be ldcntlfled wlch hl~h nl,~ed atreamo orlalng

In c<lronnl lIulcn, and high valuem can ba ldrnrlflpd with Lrnllalonc fluvn

fl.- ~,nrl,~!nm klndn uf enr.ruerlc coronal ●vento.
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Earlier studies of the solar cycle variation of the helium abundance

(e.g. Bame, 1972; Ogilvie and Hirshberg, 1974; Feldman et al., 1978) have been

extended using 1~ 6, 7, and 8 plasma results (Borrini et al., 1982a). The IMP

data, st,own in Figure 2, exhibit a continuing modulation which reached a

minimum in 1975-76 and was sharply rising in 1977-73, 11 years after a slmllar

rise observed in 1966-67. An important part of this modulation is due to solar

cycle changes in che mix of different types of solar wind, i.e. the low speed

interstream flows with lcw He abundances, the high speed etreams with

intermediate values, and transient flows from energetic coronal events which

have rhe highest abundances, and which, of course, occur rncre frequently when

the sun is active.

The characteristics of solar wind flows containing helium abundance

enhanr?rnents, HAEs, previously known to be assoclaced with transient coronal

discurballces, have been systematized :Islnga superposed epoch allalysls of 73

large events which occurred during i972-78 [Borrinf ec al., 1982b). Nearly 50%

of the IIAEswere associated with lnterplunetnry ~hucks and/or geomagnetic

sudden commcncement~ , buK tl~e plasma nottern associated with ]IA~s OCCUUS

whether or not a shoc”k or SC 1~ observed.

I,OW,IcvcJ:lof the Ile nbilndnnc.c are nssocJoted wltl) the I.L)W speed solar

w~nd, or lnterfirroam flows, whl~:l] in turn aL”Q as~ucfntcd wlLh lFIF polnrlr,y

l-CVf?t’!+/llH Notln; : tl)Js, :ind trllclng L}Ie low FIllIcrl wln(l hnck to tl)c coronn, lt

lR pofislbl(! LO lflcntlfy CIIC coroniil ttq(lntorlnlRttorimer belt ns tileSource of

lntc~Htrvum flows (Ilorrll)l vt nl., 1981; Gofillng et nl., l!~~l). In tl~esc cool,

1 L)w ~;)(~l?d flowFl , ml)ilmlim}: 1n L]IC nbuli(!tlncc nrc rIHHoclnCcd W~L]l mnxlmurns in

plt)t’oll d(’n.; lty, ldclltlfylng n ln;Ig(I ftncclorr of tllc ilowR nR ll[)llc(~m]]t’eNHlvt*

d(ll”.qltvrnll(lnrrrnvllt~, ~(:l)l;~, i11 VIII1-.1) polnl’lty l’cvvl’tin]s ofl”f?ll OC(’111’. Tl)e

(!III”{IL1OI1 (111(1 lINl]l.]p]lCILy Of I“PV(ll’SJI1 (’V(*IILH ill’v Hrl)cl”nl].yCol”)’el[lrcd,wlll~n



.

.

FIK. 2, Solar cycle varlaclon of the fluler ulnd helium abundance.

Average vmluem observed with varloua spacecraft aro compnred with the

annttal mun8puc !Iumber,
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mapped back to the sun, with the local tilt of che screamer belt co the solar

equator.

Another study, making use of Vela 5 and 6 heavy ion measurements, also

identifies the qcreamer belt as the source of Interstream solar wind flowB

(Feldman et al., 1981). It was shown that moderate to high plasma densities

and oxygen freezing-in temperatures in incerstream flows match $imilar

conditions within coronal screamers close to the sun. Ic wa6 also shown that

high solar wind eleccron temperatures ac 1 AU arise from a lower coronal

temperature gradient, rather than from a higher coronal temperature.

2. ABUNDANCE OF 3He* REIATIVE TO 4He*
.

Until recently only a few 3}1e*/4]1e+ abundance ratio meaBuremencs have

been available. Those from lon EjQ analyzers nre rare becau6e of the

infrequent occurrence of lncerplanetary conditions appropriate for resclving

3]le*, usin~ E/Q analysls alone. Values of 1.3 x 10-3 and -3 x 10-3 for

,measurpnen: period6 ci -1 hour have been reported (Bame ct al., 1968; Bnme cc

al., 19-/9); another value of 1.9 x 10-3, mcnsurcd ~tll.ing nn lntcrval of two

days, has been reported by GrUnwnlclt (1976). I.ongcr term mcasurnmencs were

ohtulned by cxpofilnR Al foll~ on the moon during 5 Apollo fllght.s, And then

anfllyzlng ~t.~e~ rc]rnHcd from the rt?curned fi)ll~ (Cclfis et al., 1972).

Rcmnrkubly slmllnr I’cfluliliW(?rn ohtnlncd from the 5 fllg]lts, jleldlng an

nvorn~c vnlilrof chc 311c/1’llenurnbcl-rntlo of 4.2 x ]0-4.

lkng trlvnmrnr?u!:t’mcntnr-’put.todhy Ogllvle ct HI. (19HO{1)welt mude wltll

nn }1/(/ccmpoHltlon nnnlyz[tr on 1S1;”;3 (Coplnu ct nl., 197fl). As ficon in F.lgure

1, CIICKC r(!fi~ilt~nhl~wrhnt 311c/1’llrlticxtrtImIly vnrlnblP, rmIm,lIIR ftorn<10-4 to

vnl\14sFInn h[~h {111 lo-~. I’11($ Int)l!t prohllhlc VIIItl(Jmr;!s{ll’{’dlH -1 x 1(1-3,very
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Fig. 3. Abundance racl(~ cotnparlnont of 311e and ‘He ions from 4]3L npeccra

mea~ured over two perl(,,la from .-WRUEL lf3 co November 24, 1978 and March 26

to AURUEC 25, 1979.
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near to the first reported value of 1.3 x 10-3. A130 noteworthy, the average

value of these extended observations, 4.7 x 10-4, is not far different from the

aveKage value obtained by Geiss and his coworkers from the five Apollo foil

experiments . Anorher result of the study reported by Ogilvie et al. (1980a)

shows that there is a discernible trend for 3He+ /4He* to be lower when the

4HEU flux iS high.

3. llINOR ION TEMPERAT1lRES AND VELOCITIES

Systematic studies of che local temperatures and velocities of minor ions

have been reported by Schmidc et al. (1980), Ogilvie et al. (1980b), and

Ogilvie et al. (1982). Briefly, these studies show that on the average che
.

temperatures of minor ions are roughly proportional to the atomic mass of the

1on 8pecies, i.e. Ti/Mi = cocscant. However, in individual cases there are

significance deviations from this propor~ionalicy. In particular, the results

obtained with the ISEE 1 M/Q analyzer described by Shelley et al. (1978) show

that although the proportionality sclll holds for He% and 06+ at 10W

temperatures, it breaks down for H+.

Concerning minor ion velocities, the resulrs of the srudles show that

except for H+, all ion species have very nearly t~~ same V=iocitie~ . Speed

differences between a minor ion such as 06+ and 1# are then like the well

documented differences between He* and 11+ (e.g. Asbrldge et al., 1976). lJslng

measurements from the I:EE 3 M/Q analyzer (Coplan et al., 1978), Ogil~le et

01. (1982) give examples of He*-1~ speed differences across several high speed

streams. In an unusual cnfie, followlng an interplanetary shock, the post-shock

H+ lans were found traveling faster than the He- ions for some hours, a

reversal of the usmil rules of those twu lcms at high specd~.



-6-

4. ABUNDANCES FROM E/Q SPECTRA OF HEAVY IONS

An observaclon of an enrichment of 06+ simultaneously wit”l.an abundance

increase of He* in the driver gas of an interplanetary shock has been reported

by Bonifazi et al. (1980). IL seems reasonable to suppose chat if there Is a

heli,l~ enrichment, there should also be corresponding ‘enrichments Of orher

heavier elements, and indeed such a result has also been reported for three

ocher tra .sienc flows (Zwickl et al., 1982). A note of caution should be given

concerning the unlversaliry of this result in regard co a single ion species

such as 03+. If the ionization temperature oi the driver plasma is high

enough, the 06+ abundance may actually turn Out to bc lower because the

enhanced oxygen will exist principally in che ba+ and 07+ charge levels..

Examples of 06+ depleclons, occurring on 19 November 1970 and 18 May 1971 have

been given by bame et al. (19?9),

Further observations of heavy ion E/Q spectra have been reported from

neasur~.nents made with the ISEE 2 solar wind experiment (Formisano and Orsini,

1981) and with che Prognoz 7 plasma spectromece’f (Zastenker and ye~olaev,

[981). Unusually high abundances compared to previous measurements were cited

in both reports. In the case of the ISEE 2 measurements lC seems lJkely tllac

tile high abundance values may be, at least in part, an artifact produced by

counting rate losses in the proton peak. In two of the examples given, the

proton peaks are double, which ‘he authors say is typical of post-shock solar

wind flows. Such duuble peaks have noc been previously identified in post-

shock flows. If the double peak were Lhe result of a dollble scream, such as

tho~e observed during the decllnlng Phnse of ~l~gh .fir)~.i streams (Feldman et

1il.., 1974), lt would be expecced that the IleU peak would also be double, as

reported by Asbrldge et al. (!974). In theGe examples the resolut.lon 1s high

unoll[;itto reveal double He* peaks lf they were present. Thus, it seems llkely
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chat the dips between che peaks in the ISEE 2 spectra are due to count rate

saturaclon effects, ao che high abundances cited should be viewed with caution

In the f.aseof the PrognGz 7 measurements, which also give abundance values an

order of ❑agnitude higher than previous values, not enough information i6

available to determine whether a similar count rate aaturaclon effect might be

responsible for the unusually high reaulcs. It is clear that there ia a great

need for future solar wind composition experiments capable of operating in all

types of solar wind flows for extended periods of time, in order co catalogue

the extent of abundance variations.

5. IRON IONS IN HIGH SPEED STREAMS.

First measurements of the abundance of iron io,~sin high speed solar Kind

streams have been reported by Mitchell and Roelof (138C). Abundance

determinations from E/Q spectral measurements have not been possible due to the

h !gh kinetic ion temperatures in streams andlor insufficient energy ranges of

che elecrroscacic analyzers which hnve ;Len flown. Correspondingly, magnetic

mass analyzers nave not been able to cover the appropriate range due co weight

imposed limitations in available magnetic field strengths.

Tile results of Mitchell and Roelof come from an analysis of data from the

NOk4/JHU er.ergeclc part.lcles exp~rfment on INP 7 and 8 (Williams, 1977) which

is sensitive to iron ions ar speeds above 600 km S-l. Principal results from

this study will be mentioned only briefly here, since this subject 1s covered

more extensively elsewhere in this volume. Fsrlmates of the Fe/H abundance

ratio in hlbh speed flows show lt to be ruu&illy the same as the nonmlnal

coronal abundance. There Lfievidence that abundar.ce fluctuations in streams

may, llke those of He, be smaller than Ln E1OV and in trnnslent flows, us

determined from E/G mf’:lsuremunts. Further result~ Ghow Kllat the Fe lono
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generally are faster than I@, b~t clower than He+ (Mitchell et’al. , 1931). In

general, che Fe distribution parameters (bulk veloclty, flow direcclon,

temperature) are found to be similar co the He parameters determined with

electroscatlc analyzers (Mitchell et al., 1982). There are facrsr-of-rwd

differences between average abundances determined in recurrent streams from

dlffermnt coronal holes. Similar co the He enhancements seen in flare related

flows , Fe enhancements of 4-5 are also observed.

6. IONIZATION TEMPERATURE IN HIGH SPEED STREAMS

Temperatures at which the Ionlzatlon sta:eg of minor long are established

or frozen in during the coronal expansion were reported in a number of early

papers (e.g. llamc ec al., 1968; i970; 1974). These Jetermfnatlons, based on

meaburemencs of individual minor ion peak Intensities in E/Q spectra, arc

restricted tG the slow interstream solar wind in which the local.kinetic

temperatures are low or co che temper l~ure-clepruseed drlvcrs of Eranslent flows

corn] n~ from energetic coronal events (Bame et ;ll., 1979; Fcnlmorc, 1980). It

1s of particular l,n[CL”CSk tO Rxten(l HUCII dccermlnilrlonri to tile Crl?lc of high

spcl?(i s~)lar wind srrc;lms nrl~lng out of coronal Iloles, r31ncc tllchOles llilVC!

I)(IuII ol)scrvcd to he cuoler tl~nnucl]cr rcglonh of the ,.oronn (Kr~eF,cr et al.,

l!17J). Unr11. rrcPnLly, it IIns not het!llposslbllt to m~!,’’~urt!LI1(!l~mizntl~ln

sII’1[l’!:(If hj.~]1 sp(’r~d f]OWS h(l C~Ufi C in tllosc flt}ws IIIC kin{-tlc tcm]lvrnt~irc~ :11“[!

sI) 11[}:1)Lllilt ill[ll.VICl(lill mliiot [t)n pcnks in 1:/~ spcctr;l (;iltl’t 1)[:rc~olvcd.

‘rhlG I’c!!it1’1(”t“1.011Il:lsI’ir[!llovvrc(mw wllll Iwo n[!w(Ixp[’rlnr(!lltnlIlpprollcllrs.

Tllltf“lrstof tl\[I:irlltlllz[!~tllvJ.jn c.ompo~~tlon ~!xpcrlmcrit on lSI:K 3, drficrlbcrl

I)V (:0111:111r’[ J1l. (1[1711),wl[llwlllrllM/(/nllnlyn-N of minor lunr cnn b~ pcrfdrml’d

Iii)111}!11 l;:)tllill fl[)W!i ~lfl WC’].] ilE .HIOW fl(lWS. O~llVltt nrl(l Vtl~t (]!)HOC) llliV(l IIH(’(1

1::1:1: “1 (1:11 il 1’() lnvf!nl[~nt(! t Ill’ oxy}:rrr 11)1)fl”{’r;’.lll}:-[nto”m,)(’t”:ltlli’(’tih)’
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determining the ratios of ion fluxes at M/Q = 2.29 (principally 07+) tG that at

F1/Q = 2.67 (principally 06+) as a function of solar wind speed, and comparing

che rarlos with ionization equilibrium talc’.llaclons. AK low 3peed6 Ionlzaclon

temperatures of -1.6 x 106 K aie inferred, in reasonable agreeme,:t wirh

previous determinations using EJ’~analyses. However, at speeds abov~ 450 km

s-l, i.e. in high speed sr.reams, che measured ratio starts to rise rapidly,

suggesting higher freezing-in temperatures in coronal holes. Values above

3 x 106K are inferred for 600 km s-~ speeds. Tt,eaurhcrs suggest that these

results mtghc be caused, not by a higher freezing-in temperature, but by

eleccron dlsrributions in coronal holes characterized by a temperature of

1.5 x 106K, but having a non-Maxwellian high energy ~illl slmllar to that of a

3 x 106K distribution.

The second experimental approach urllize~ the lncermcdlate energy ion

composition experiment on ISEE 1, described by IIovcstadt cc al. (1978). By

annlyzlng the shapefiof chnrge ~tate dlstrlbutlons of CNClluns in dlffusc lon

events upscreilm of Khc bow shock, Gnlvin ct nl. (1982) infer lonlzntlon

temperatulmctr for the types of solar wind flow lncldcnt nt the how ~hock. They

flrld t(!mp12rULUl”L’N of ~1.5 x lf)fW fl)!m Hlow, ]ntur~trcnm solur wind, N2.5 X 106K

for flnrc-rclntcd trnnslunt flows, fllld‘1 .4 X ]f)h ft)lm Col’t)llll] !l(l;~?-/lHSOCJ{lL(!~

fll)k’ti.

FtIutlIcr ~lrl:llytrlkof L1lQ1S111:3 oxy};on Chnl’fil’!it:ltr! rlntrl 11{1!: llltillr(’(1 Cl\ilt

rIIr! IIJ~h spcocl (;nrn HI:L Iri not concnmlnntvd WILII ~l~ock il~~(~~lilt~d cvcnt~. Tl~c

cxtrnd~’d Httldyconfll”mtilhiltLhr P1/fjn 7.3 10 M/Q - 1!.7r:lrlo rltiL~NIIt Hpev[lri

{1IM)VV 450 km H‘] ((l~JIvlv, 19112). s,omt~ plll”l of t]ll H I“l:lr m:iy b[, litlr to

vn,”J/ltl(mf~lU thr rolnt.lvr rrlmIId/IIICPH of t’lvm(’nlrl In tIlo (:N(J rry,lon of Ll)o

f: pI*(=r r“llnlWllll’,11cI)I)tI”lhIIL(! to rlw [~’+”fr{lctlon [n pnr[ lt.IIiIII.. ]l{)WVV!’~, It .[H

[?{)l)l’lllll(-(l []lllt th[!! rff(’(”1:[M I1OL l[IIIY,II I’l)t)t,:ll 10 :IVI)](! ]lIIV[llfi () IIlrt-1” l~JXII
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coronal temperatures unless a non-llaxwelllan shape of the electron dlstribucion

in the source region is invoked. It 1s clear chac further work on this

important subject 1s essential.

7. IONIZATIONALLY HOT TRANSIENT SOLAR WIND FLOWS

Following flare-related lncerplanecary shock waves, driver or plscon flows

are sometimes ubscrved with very unusual dlstrlbutlons of minor luns in the E/Q

spectra measured wi:h elect ~tatlc annlyzers. These spectra show that the

plasma hnd n “hot” origin in Lhe solar corona (Bame et nl.t 1979; Bnme, 1982).

This 1s not nlwiiys the cnse llrtirlvcr flows; sometlmcfi the

distinguished from CI1OSC fount’ Ln chc slow, lnte.~strenrn

somccLmes, as dlficussud Ln th’ Ilf}xttirctlon, 1P shocks ~l~e

flows whlcli cont:ll.nions lncifcnt~vc of H “cold” t)rlglnm

spectrum cnnnot be

solar wind, ,nnd

followed hy dt’lvcr

Ill 1:111~ Ulll)rl” !Il)l. t’f 1’(1,11 f l.~)m I:lllw lllrflt-f:tri’~lm rloln]o Wlllll, n Iypl(”:ll

(11!:[ 1’[11111 1,)11 01” [()!) ~1]1(,pI~IIk.S J:: (’Vl(li*ll[ I!l’y(md -1+- ●

IIl)[tl o~+” ;111(1 ()~~+ ;Il,(,

Af

or II

:11”1 1“

!:[111’{!11 Wllll 1111

1111,b!; l“;lll}; lll~, t“l’om

!.. ] ,’, ~ 101’}: Ill ItIf’

1;’+” Ill 7+, Wllll 11 (11!111’[1)11[1o11 Wlll(’1) WllII ft)l”lllt’il {11

1“(>1”(11111, ;1}:11111 lypl(’:11 or JI Mlt)w flow.



VEI.A SCLAR WIND HEAvY ION SPECTRA - TWO TYPES

ION SPECICS LINE POSITIONS
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The lower spectrum, label led “hoc”, ~n Figure A shows a.d16tlncclvely

different shape whl:l~ has been shown to be due co a hotter than normal origin

of che lonlzat~on state. ThiE spectrum wa6 obtained in rhe driver flow of an

1P shock which followed a flare, variously reported aa importance lB to 3B, by

64 hours. The typical Fe 6pecle’. 1 the 12+ to 7+ charge level poslcione ure

not preEenc nr resolvable levels. Instead, a reasonable analysle shows that

the Fe lonlznrlon state has ~hift~d to a higher stage lndlcatlve of a freezlnE-

Jn rcmperature of -3 x 106K. The promlnenc peak nt D in the ffgurc 1s due to

Fe~6+ ions; the S1 ions, normally found in this range are shlftcd into the

7+.Si12+ posLtl,on, neitrO Another notnhle fcacurc of hot spectra i6 Chnt the

normally Chlrd most prominent pcuk, 06+, 1s very subdued, bcr,nusemo6t of the.

oxy}lcn Jons ure in tile(7Epnnd 07+ clwrgc levels.

A s;tst.:mi)tlcKLIIdyof CIIC Lyp(?s of solnr wind flc)wfiassoclnt(!d With l)l)t

11(’llVy ll)ll!illilFl IWCI1rcp~lrced hy Fcn[!noro.(1980) using Vein 5 nnd 6 Ilunvy 1(11I

(lil L;l . Spvl:lrn l.n.ll(!::r.lnRIli)tt:orond ci)ncllcli)nn~~n}~ln~ frorn -1.5 x lof~):L()

il hl)v(’ 9 x lo% nl”[!f{l!lll{lJll .’Iplll”dl (lmilt(}ly i/7 l)f rl\C mOllS\lL’tim(*nt+, Ilot Flp(’ctr{l

/11’(-!“01111(1Ill I 111’11{1 Lyl)llk of flow!;: ]) p[)stsht)ck ~]I)WS, ll!;FFI, 2) nol~sltock

l(!l:I1.(!II11(*1Illm ;Il)lln(l:lnri’I’llll{lllf.{’lnl’111.::,IIAI;s, nnd 7) ll(lll[”~)lnl}l’lts::lvt~:1[!11::Ily

111111:111(’(,11)(!11[ !: , N(::)l; $ . ‘rh(t Ill:]:f; 4111(1 IIAI;N JI I’(B llRtlillIV [Ilt(”l”jll(llll’lill’y

nt:llllIt’::t.11i~)ll:;01” !iol Jll” 1“1111”{’!, , Ill r}Ir l:JIst~ of [-1111 IIAK:I, 11111fl/IIo(l II,} V[-I.:l

1’1’,1(’11 !111’ 1:111’[11 !’VI’11 Lllt)lly,l\:11}Ii’t:ll,)(tklI;lI,JLt)hllV1’Vlltl, ‘~lIr N(:I)I’,11Wi[ll II!J(

111’:IVV It)ll!: IIlrl (’1’ ~1’,)nl I 1111 l’SF-llAl:tIIll !41’vlll’.ll Wllyn, fill}:~(’sllll~ ltlilt (.hl’y

l’vtllv(’ I“l”!)lll (’11(’ 1”}:1’( [(’ (’01 ”{111111 (lV1’llt ~1 [Ilil!.ill”(lIlot rlill’r-l’vltll{~d hilt IIlv(llvo

hl}!lll’1’ I111111 11(11’lllil I (’01’ 111111I I I’1ll(*l’ 111111’I*!i . ACI. IVII 1“1’}:J(}ll!l, (,(ll”tlll Jll m:infi

1= ~t’(’l Ii)lll: , :11)!1 !’(lunltlr[lll Ii{ I(jllm(”l’:1 :111(’ I:IIy.F,~IKt II(1 (is p,)ti!.11)11~ l:l)\ll”l”,lt: I 1)1” 1 11!’

N(!l)l:!: WI III lIIlt ]ll’:l V~ [OII fit
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8. IONIZATIONAL1.Y COLD TMNSIENT PLOWS

● ‘he previous section discussed solar wind flows in which the minor ion

relative !ntensity dlsrributions show that che plasma Ionization states were

established ;n hotter than usual coronal regions. In the last few years a

small number of ui?ervatlons have been reported which show that che opposlre

also occurs - minor lun distribuclons have been found which contain ions which

could not have survived the ~mual million-degree coronal temperature expangion.

The first reported solar WIII! plasma with an anorn~lously “cold” urlgln was

detected with el@ctr08tatlC ~1’IalyZeL’% m NELIOS 1 and described by Schwenn ec

al. (1980). In the pl~tun g~s drlvlng ~n i} shock on Jan. 29, 1977, very

unusunl spectra were found with rlree prominent pcJ~R at relntlve E/Q posltfons

of 1, 2, nnd 4 ns shown in Figure 5. The pcnks nc 1 nnci 2 nre readily

lriuntlfled ns due co 11+nntlIle* lon~. The pcnk nt 4 Scl?med I.LIII large to h.?

uxplninrcl hy chc Ion EpccJcs thnt usun]ly occupy thnt pofiltlon, s17+ Jl,l!Sll+.

IIow(:vorj dntn nL’(2 nvnll/Ihlc frml tWti dlff.it’cnte]ec.trosCntlC ~l[)il!yzct~ on C{ICII

df the two 11111.10SFpacccraft; onc :Innlyzur collnt~ lonx lI,,llvIdIInlly, wlllle Lllc

l)tI)PI” mi!nfilil.(~xI(In CIllml’l’llr. Nol-milllzIl\F,SIIIICLI”I rr,)m [1)[’ two ills Lrtlm(’lltH IIL

tll[’rllflr~(’1 11+”1~(’ilk II!+ H! I{IWI) JI1 ~’! }; II I’IS ‘) , !Il[s .“llill’~1~ of 111~- flf~l:l)ll(l p(~nk Wll!l

ft)llll(l Ll) 1)1? 2, 41H[~xp(’[’f{wlf{)l’,,(,++, W])]I(Itilcll’lllll”~)(!t~f1])(”II)Jrd ~)~~nkWllFl

ilppr~)xJnultvly 1 II II ICI’ HII ~)f :1 IIIHII111111!-Jpl(* Ii IIcll III; 7. 1, !Ill’ 1“1111’[!pv:lk 11/1(1

‘111[~11(111(* I,() rll(’ 1’1141l’~1’ 7 Illld H SJ ;Illrl!; [(;’1:Wlllrll111)1’m;lllyLl(’clll)ytlllf!

piIr:li[on, rlII~mllllll)ly ClIIllo~[IIll~)IiI;wI)IIl(llI,IVI* C.1’l’llttd /1 HIIffJr[rIIltlv lNI’H(*

(’111”1’[~11[[11111 l]lu ponk IIIIIHI)I I11 t11(s1111*1’I r~)m(~lIII”!:l)(’(’11’11111 W(llll(l Illlv(’ Iil”l’1)

1(111111 II”lllhlyIl,l}:llf’1’111:111111III{!t-~)lll)lrlP:]I(I(’Il.liln, I .(I. , IIVIII’ l]It~ 111’I”~)w I;II,)wII I 11

t Ill’ r[Mill’tl.I’Iltl!l, t’11(’(!1[1’(1 prnk Wn!l IIlrlll lrllt(lIly!:(’IIW!,IIIIl.!/11. {Illnlll~ly

rllnl’p.l’1111(14 , will[’11lfliltIill(lorlnhly Itjwlt*vI~lIlmt)fllt}f II)v I111111(1’l~l(lmnlli’1

(Il., lqj/,)m
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A few examples of the sporadic appearance of He+ peaks in solar wind

spectra were reported much earlier (Bame et al., 1968; Bame, 1972), but in

those cases the He+/He* number ratios were much smaller than in che sPectrum

observed by Schwenn et al. (19RO). ho viable explanation for these sporadic

appearances was set forth until the report of b~hwenn and coworkers.

A second caae of high flux levels of He+ ions which occurred on July 29,

1977 was und in IMP 8 data and reported by Gosllng et nl. (1980). The

interplanetary ctindiclons nssoclated with this event are Lllustraced in Figure

6 which shows a time sequence of E/Q spectra starting at 2358 UT on July 28,

ext,encllng beyond 1444 UT on July 29. During thltItime period an 1P shock

passed 111P8, leavlng the spacecraft immersed in the henced aniblent plasma. AC

1224 UT the tcmpcrnture-depressed drlvcr Kas arrlvcd, in which the penks of H+

and Ile* nrc sh{lrply resolved. About 1 hour nfcer the nrrlval of LIIC driver

MliSt ~ third prumlnent penk nppcnrcd in the spectrum nt nn E/Q posltlon four

Clmcs Lllilt OF lti. The nhundnncn of thl~ p[!nk 1s much too high to hc explnlncd

p141usllIly by nn Lon Bpcclus oth(!r thnn Ilc+. i’hcllu+/llc++I)umbur rntlu rcnchcd

VIl]\l(’H :1!! ]ll~h JIli oo~ dU~lIl~ C]lti OV(’11~ ,

An 1,)11hprrcrllrn fl”t)m[IIIH Ovt’nt, ol)tnlnr[! I)y !i~lmmlll~ III;Iny of tll(!

Il)dlvlclllnl ]s )l~(!t 1’/1 CI)}!PL]K?l’ lM I;llowll111 Fl}:ul’r7. Nl)l:nhlr!f(’nl:llt’(’!it)f tll(!

~prlt”tr~lmillnddirl.on tt~t.l~rpr~~mlnont [III1-(1l~i~ilk :11-(1 ~11(’ lmV::t)lV(*I!p~!nk ()f ()(1+

loll!:!Inci tll(’bI”(I(ldIII!:IFI of 1]1(’ lb+- p(!:lk (!oml)nl”(td L() Lilt’ ]b++ prilk. N,} I’l!;IN,)II

11;111 br’1”11 ft)llld for Wily[11{’llc+”11)1111III IIIJN (’xnml)l IS Nlllltlld I}llvf* n l\ly,l) (*l”

kll~vlIr lc’lnlit’l”~ll.lllmt’l.l)tlnlll(~~vof llls+-l”,IirlIlll*y{Ipl)nl’(1111ly (It).

A 111.llllyof {ilU)mVJ1IIIIml)iII’ of ]lPJIVy 1~)1)npvrl I“P 01)1 “11111111 wltlI Il)r Vt*ln !;A,

‘)II, 0A9 /111(1 fI]\ fllllI~y7.I’l”!l (:111”[1)}; lqb!l-lq71hnfl vlvlIII’~! n,)mr !Ilbvltll (*V,,I]I ~ WI,,],

nIl~)mIIlo IIIIly lil~l~ Iliimlwrfi ~)r~~l)llI\I N ~It L]I(S M/q - 4 I)t)li I I 1011 (111111119, I!)flo) Mlllly

III IIr IS I: )1*11[ u WI) II III IINVV I)OPII OI)IIVI” VI III i f 1’(1IJi!iI1[ll{lNw[1-,l’ovtll”np.1”IllIllr Ilt)llll’
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wind had been available. The numbers of He+ ions in these Vela events were

small in comparisc~ to the numbers in the large events mentioned above.

A systemaclc search of Los Alarnos IMP and ISEE data received betwee~

October 1972 and February 1980 found two more events in addition to the IMP 8

example already mencloned (Zwickl et al., 1982). The IMP and ISEE experiments

were designed with sensl.tivicea for standard solar wind ion measurements rather

than for ccing low countrate exotic ions. More events would certa~.nly have

been ; llth mo[e sensltlve l,nstrurnencationand more complete telemetry

coverage.

The most recent large He+ event was found in HELIOS 2 data of May 29, 1979

(Sctlwenn, 1980; 1982). In this case, a charge 1.peak w~s again found ar an E/Q

poslclon 4 clmes the posirlon occuplcd by #.

One other l{e+event, detected with the Vela 3A plasma analyzer on January

13, 1967 (Bame, 1980), is shown in Flqure 8. The measured E/Q speccra are shown

in rime sequence vertically. The first speccrum shows a plasma flow wltii

(In(:ommonly” well resolved ifl and He+ peaks; most llkely this flw is an

:Illomalollsl”y 001 driver gns irom an energctlc coronal event . In the second

+ shows the presence ofspl~rrl.llm,n pcnk ut an E/~ posltlon 4 tlmcs thnt of II

Ilr+ lollsin tllcflow. At !150 UT a small amount of He+ 1s still present. At

1207 Ill’ :111 Tp shock hnd pnssed the spacecraft leaving tl~eambient gas

:lrrolrr{i[~~dnnd 11~’.ltcd.In filicr.ccdlngspectra the contlnucd presence of lie+1s

(’VIA{”IIL, nlthou~l~ tl~uhl~h tcmper,aturc of tl~e Ens prevents complete resoluilon

of 111*+fr,)mllP++. Tn tl~clncrr Rlfigcfit!fthe event, the proton bulk speed in

I11(* RII()(skLId HIIS WrIN :Ipprer.liIhly llJgher thnn tllntof tllcIlclonn; nnotller :use

of 11+ ll)lIK tl”llvvlllll~[IL:1l~l~llcrKpccd thnn IIcfi, followlng m sl]ock pnSSil~C

11:11;hl’1’11I“!’p(>rtf!dby Ogllv[(? Ct n]. (1982). At 1839 (IT’,the Ile+number dcn$+lcy

[!:rl)ll}:llly ‘io% !Il{lt (Jf II(*++. ]\y 0027 [IT on \]{lllU:lI_y14 n II(!W body of gnfi, Kllc
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‘1”+11249UT
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ION ENERGY PER CHARGE [V)

Fig. 6. Sequence of npecrra from Vtla 3A ●nd 3B ahowlna the appearance of

+ ion@ early on JanuarY 131 1967.a small narrow peak of He Followlng an

lncerplanecary nhock at ahouc noon, chc He+ abundnnce in the amblenc

plagm~ lncreaaed co levels high ●nough chat the prentnce of IIe+ lonrn 16

evident, ● ven though the lon temperature ia coo hlRh to permlc full

renoluclon. At 1839 UT che apeccrum indlcarea chnt the ll@+/lle* number

ratli~ 10 toughly 5CIZ.
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clriver for the January 13 shock, had arrived. In this driver, which c~n be

associated with a 3B flare, there is no longe~ ‘acomponent of He+. Instead, a

well resolved peak at a relative E/Q position of 3.5 shows that this driver

contained Fe16+ ions originac:ng in a hot soronai region (Bame et al., 1979).

The s.urces of ionizationally cold flo~:s seem well established as

energetic coronal events generally without a flare association. Including the

severi small He+ events foup.~ In Vela heavy ion data and che ocher events

mentioned above, there is strong evidence of a correlation of the events with

phenomena which are associated with impulsive coronal events, i.e. ❑ass

e-Jectlons. Many, buc nor all events followed 1P shocks and most are associated

with Forbush decreases. There 1s a strong assoclaclon with Type 11 and IV
.

radio ernisslons, l)ut there are no associe.tons w~th flares for several of the

large events. Schwenn eE al. (1980) suggest the possibility of direct ejeccion

of cool chrornospherjc plasma into che solar wind via eruptive prominences

(disapp.?aring filaments when observed against the solar disk). Indezd,

correlations of eruptfve pror.,Lnencesor clisappearlng filaments with appearances

of He+ are four,dfor che events of January 29, 1977, JIIly 29, 1977, May 29,

1979, and January 13, 1967. There are possible associations wlch some of the

rcmalnlng 10 events and in the or.hers there 1s not enough information co make a

rJccermlnatlOn. There arc flnre assoclaclons with finmeof che events which 1s

prrl]aps not surprising since an association between flares and disappearing

fll.~mentti has been noted.

The speccra of two of the }Ie+ events dlscusscd above also show che

preficncc ]f oxygen ions in low srJlgcs of Lonlzatlun. Schwcnn (1960; 1982)

I’(lporrchdclle ohsc!rvatlon of two IIIILTOSE/Q spectra metisured slmultilneously on

Flay9, 1979 which exhlhltcd four strong peaks at E/Q values of 1, 2, 4, and 8

l_Clilt lVC LO “+Ii , ~s shown in Flgurc 9. Compnrlng the spectrum obtnlned by



i

-Porlitlo instrument
--~lrclremclcr

—AA-L-L--$--J
10 15 20 25

ENERGYPER CHANNELNUMBERS ‘

I

Fig. 9. Specc ra measured simultaneously wtch cwo ●leccroecacic analYZeKs

~l,a HELxoS spacecraft. Comparison of KHe parcl sle councln~ speccrum vlth

rhac obca:ned by measuring currenc Shown chat tHe peaks ac ~ and 8 are ‘e
+

and O*.
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councing individual ions with one obrained by measuring the charge deposited by

Ltre analyzed ions, ic was possible to show that the ion charges of the four

peaks were 1, 2, 1, and 2, identifying the ions as #, He+, lie+, and 02+.

This spectrum was obcalned in a transient flow wk. :h was very well associated

with a nonflare-related eruptive prominence.

The second case of a spectrum with oxygen Ln low ionization stages was

reported by Zwickl et al. (1982) and 1s shown in Figure 10, contrasted with a

I,lore n~rrnal high density flow. In the upper panel, e.nvclopes which reasonably

ellcompass the S~ peaks nnd Fc?peaks are shown. Cenernlly, these minor ion

~roups in speccra mess’lred in slow sular wind can be fitted rather well sith

smooth envelopes which are somcwhnt broader thnq a,~ lsothermnl flt WO1lI(l

rredlrt. The ~rcater broi~dne~~ lIiIs been ntcrlhutcd tu the fact thnt the rntio:;

1)f’ ridInrt=r,t pfl~rs of l(~~i Gp~?c.lcs ,aree~tnhll~hc!d .IC rllfferent hclghcs in ClIl!

corona nnd hcncc dlffcrcnt tcm wrnr(lLmf!s (llnm~ cc I-II., 1970). 111 t]lfi lUWCL’,

ilt’lt)lllillt)uti sprcrrilm, r~i~sonahle Cnve]opcs for rho S1 :111(1Fe Rpl!c. [rs hnvl? bt’(?n

d L“;IWII. IL [S ill)l)il~”(tl]t tl\ilt tlll”t’~ of t!l(’ l)(~,i]k~ al-{’ fill’ ()\lt::ldr Llf’ I.llv rllvl’l(lp(’H

;lrl(l

il[l(l

J llt~

,Iil”
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